Transcription elongation is a highly dynamic and discontinuous process, which includes frequent pausing of RNA polymerase II (RNAPII). RNAPII complexes that stall persistently on a gene during transcription elongation block transcription and thus have to be removed. It has been proposed that the cellular pathway for removal of these DNA damage-independently stalled RNAPII complexes is similar or identical to the removal of RNAPII complexes stalled due to DNA damage. Here, we show that--consistent with previous data--DNA damage-independent stalling causes polyubiquitylation and proteasome-mediated degradation of Rpb1, the largest subunit of RNAPII, using Saccharomyces cerevisiae as model system. Moreover, recruitment of the proteasome to RNAPII and transcribed genes is increased when transcription elongation is impaired indicating that Rpb1 degradation takes place at the gene. Importantly, in contrast to the DNA damage-dependent pathway Rpb1 degradation of DNA damage-independently stalled RNAPII is independent of the E3 ligase Elc1. In addition, deubiquitylation of RNAPII is also independent of the Elc1antagonizing deubiquitylase Ubp3. Thus, the pathway for degradation of DNA damage-independently stalled RNAPII is overlapping yet distinct from the previously described pathway for degradation of RNAPII stalled due to DNA damage. Taken together, we provide the first evidence that the cell discriminates between DNA damage-dependently and -independently stalled RNAPII.
INTRODUCTION
Transcription elongation is a highly dynamic and discontinuous process that includes frequent pausing of RNA polymerase II (RNAPII), backtracking and arrest in vitro (1, 2) . In vivo transcription elongation is also discontinuous with frequent and prolonged arrests of RNAPII (3) . Consequently, a multitude of transcription elongation factors are needed for efficient transcription elongation (4) . When transcription elongation factors fail to 'restart' RNAPII, the persistently stalled RNAPII complex prevents transcription of the respective gene and thus has to be removed by the cell to free the gene for subsequent polymerases.
The major pathway for intracellular protein degradation is the ubiquitin-proteasome system (UPS) (5, 6) . For a protein to be degraded a polyubiquitin chain is covalently attached to it by the action of a ubiquitin-activating enzyme (also called E1), a ubiquitin-conjugating enzyme (E2) and a ubiquitin ligase (E3). The polyubiquitylated protein is then recognized and degraded by the proteasome, which recycles the ubiquitin moieties and cleaves the substrate protein into small peptides. The 26S proteasome consists of a core particle (CP or 20S complex), which contains the catalytic activity, and a regulatory particle (RP or 19S complex) , which recognizes and prepares substrates for degradation by the CP.
Rpb1, the largest subunit of RNAPII, is polyubiquitylated and degraded in response to DNA damage. DNA damage in transcribed regions is efficiently repaired by transcription-coupled repair (TCR). However, if this fails RNAPII is thought to be degraded by the UPS as a 'last resort' mechanism (7) (8) (9) (10) (11) (12) . The switch from repair to degradation is mediated by the TCR protein Rad26 and the ubiquitylation promoting protein Def1 (13) . Rpb1 is polyubiquitylated by the ubiquitin-conjugating enzymes (E2s) Ubc4 and Ubc5 and the ubiquitin ligases (E3s) Rsp5 and Elc1-Cul3 ( (14) (15) (16) (17) (18) (19) and references therein, summarized in Supplementary Figure S1, left panel). Polyubiquitylated Rpb1 is degraded by the 26S proteasome, which is facilitated by the AAA ATPase Cdc48 and its adaptor proteins Ufd1, Npl4, Ubx4 and Ubx5 (20) . By degradation of the stalled RNAPII complex the damage becomes accessible for repair. However, when the DNA damage is repaired before Rpb1 is degraded, polyubiquitylated Rpb1 is deubiquitylated by the deubiquitylases Ubp2 and Ubp3 and spared from degradation ( (18, 21) ; summarized in Supplementary Figure S1 , left panel). Although studied mainly in Saccharomyces cerevisiae, the pathway for degradation of DNA damage-dependently stalled RNAPII complexes is well conserved.
In contrast to RNAPII degradation caused by DNA damage the cellular pathway for removal of DNA damageindependently stalled RNAPII complexes is less well understood. However, removal of persistently stalled RNAPII complexes is important as it frees the gene for subsequent polymerases and thus ensures continued transcription. In vivo transcription elongation is inherently discontinuous (3) . Adverse growth conditions such as lack of nutrients leading to low NTP levels most likely further impair transcription elongation as mimicked by treatment with the drug 6-azauracil (6AU). RNAPII complexes stalled during transcription elongation for a prolonged time might stall irreversibly. Thus, under natural growth conditions a pathway removing persistently stalled RNAPII from transcribed genes is likely to be of advantage. Since Ubc4, Ubc5, Def1 and Rsp5 are needed for polyubiquitylation of Rpb1 not only for DNA damage-dependent stalling of RNAPII but also in response to DNA damage-independent stalling (16, 22) , it was speculated that any stalled RNAPII complex--independent of the cause--is degraded by the same pathway (9, 16) . Here, we show that in S. cerevisiae the pathway for degradation of DNA damage-independently stalled RNAPII is largely overlapping yet distinct from the DNA damage-dependent pathway providing the first evidence that the cell distinguishes between RNAPII complexes stalled for different reasons. Specifically, we show that the E3 ligase Elc1, which adds K48-linked ubiquitin chains to Rpb1 that lead to its degradation in response to DNA damage, is not involved in the DNA damageindependent pathway. Instead, the E3 Rsp5 adds K63linked polyubiquitin chains to Rpb1 of DNA damageindependently stalled RNAPII. Moreover, the catalytic 20S proteasome is recruited to RNAPII and transcribed genes when transcription elongation is impaired indicating that RNAPII complexes stalled are targeted for degradation at the gene. In addition, we identify Ubp2 and the proteasome associated deubiquitylase Ubp6 to deubiquitylate Rpb1, which might provide a rescue mechanism for Rpb1 when transcription elongation factors 'restart' the transcription elongation complex. Taken together, we provide the first evidence that the pathways for the degradation of RNAPII that stalled due to different reasons might be different (summarized in Supplementary Figure S1 ).
MATERIALS AND METHODS

Yeast strains and plasmids
Yeast strains and plasmids are listed in Supplemental Tables S1 and S2, respectively. TAP-tagged strains were generated by integration of the TAP-tag C-terminal of the respective gene by homologous recombination (23) . Deletion strains were constructed by replacement of each ORF with a HIS3 or kanMX4/6 gene. Disrupted strains were complemented with plasmid pRS316 encoding a wild-type (wt) copy of the respective gene (shuffle strains). Double shuffle strains were created by mating the single shuffle strains and tetrad analysis.
Whole cell extracts
Denaturing protein extraction from yeast cells was carried out essentially as described (24) . Briefly, 5 OD 600 of cells were resuspended in 500 l of H 2 O, 150 l of pre-treatment solution (7.5% (v/v) ␤-mercaptoethanol, 1.85 M NaOH) were added and the mixture was incubated for 20 min on ice. One hundred fifty microliter of 55% (v/v) trichloroacetic acid was added, incubated for 20 min on ice and centrifuged for 20 min at 16 000 g at 4 • C. The supernatant was removed and pellets were resuspended in 100 l of 1×SB and 20 l of 1 M Tris base. The samples were then incubated for 2 min at 95 • C. For treatment with 6-azauracil (6AU), cells carrying pRS316 and grown in SDC(-ura) were incubated with 250 g/ml 6AU for 2 h prior to harvesting. For the cycloheximide (CHX) chase experiment to determine the half-life of Rpb1 in wt and Δdst1 cells, protein synthesis was inhibited with 100 g/ml CHX and samples were taken at the indicated time points.
Purification of RNAPII
To assess the ubiquitylation levels of Rpb1, RPB3-TAP cells were used to purify RNAPII. Limiting amounts of beads were used for all experiments in order to purify equal amounts of Rpb1, and purifications were performed in the presence of proteasome and deubiquitylase inhibitors. Briefly, 100 OD 600 of logarithmically growing cells were resuspended in 1× lysis buffer (0.1 M NaCl, 0.05 M Tris-Cl, pH 7.5, 15 mM MgCl 2 , 0.15% NP40, 2 mM Nethylmaleimide (Sigma) and 20 M lactacystine (Boston Biochemicals)) and lysed with an equal volume of glass beads by vortexing at full speed for 5 × 3 min with 3 min breaks on ice. After centrifugation, the clear lysate was incubated with 50 l of IgG slurry for 2 h at 4 o C. Samples were washed four times with 1× lysis buffer and bound proteins eluted with 2x sodium dodecyl sulphate (SDS) sample buffer and incubation for 3 min at 65 o C. For the 6AU experiment ( Figure 2B ) RNAPII was purified by tandem affinity purification (TAP) until the TEV eluate according to (25) after treatment with 250 g/mg 6AU for 2.5 h. For purification of proteins carrying K63-linked polyubiquitin chains the TEV eluate of an Rpb3-TAP purification was incubated for 1 h at 16 • C with 50 l of RAP80 UIMagarose (BostonBiochem TM ), washed three times with 1× lysis buffer and eluted with 2× SDS samples buffer. To detect polyubiquitylation of Rpb1 upon UV irradiation, cells with an OD 600 of 0.7 were pretreated with 50 g/ml CHX for 45 min, UV irradiated with 400 J/m 2 and grown for 30 min prior to harvesting. To rescue the lethality of the Δrsp5 mutation, the medium was supplemented with 0.2% NP40 and 2 mM oleic acid (free acid; Sigma) for all strains of this experiment.
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Quantitative western blot analysis
To determine total cellular levels and the level of polyubiquitylation of Rpb1 quantitative western blot analysis was performed. Whole cell extracts or purified RNAPII were subjected to sodium dodecyl sulphate-polyacrylamide gel electrophoresis and western blotting and probed with anti-Rpb1 (8WG16, Covance), anti-Pgk1 (Invitrogen), anti-ubiquitin (Enzo Life Sciences), linkage-specific antiubiquitin (Apu2.07 and Apu3.A8, Genentech) or anti-20S ('core' subunits, Enzo Life Sciences) antibodies, respectively. Western blot signals were in the linear range of the antibody reaction, acquired using a Fujifilm Mini-LAS300 System (Fujifilm Life Sciences) and quantified with Multi-Gauge ScienceLab2005Ver3 (Fujifilm Life Sciences). Levels of Rpb1 were calculated relative to the loading control Pgk1 and ubiquitin signals relative to purified Rpb1 from at least three biologically independent experiments.
Chromatin Immunoprecipitation
To analyze the occupancy of RNAPII and the proteasome at the genes ADH1, PMA1 and ACT1, chromatin Immunoprecipitation (ChIP) experiments using Rpb3-TAP and Pre1-TAP strains were performed essentially as described (25) . Briefly, crosslinked cells were lysed with an equal volume of glass beads by vortexing at full speed for 6 × 3 min with 3 min breaks on ice. The lysate was sonified in a Bioruptor TM UCD-200 (Diagenode) using 25 × 30 s cycles with 30 s breaks at an output of 200 W to produce chromatin fragments of an average size of ∼250 bp. Chromatin lysate corresponding to 3 A 280 (Rpb3) or 18 A 280 (Pre1) was used for immunoprecipitation with 15 l of IgGcoupled Dynabeads for 3.5 h at 20 • C or O/N at 4 • C, respectively. After washing and elution from the beads according to (26) , the IP eluates as well as 0.08 A 280 for input samples were treated with protease type XIV (Sigma) and crosslinks were reversed by overnight incubation at 65 • C. DNA was purified over spin columns (Macherey-Nagel). Quantitative PCR with input and IP samples was performed on an ABI Prism 7000 cycler (Applied Biosystems). As a control, primers for a nontranscribed region (NTR) of chromosome V were used (sequences available on request). PCR efficiencies (E) were determined with standard curves. Enrichment of Rpb3 and Pre1 over the NTR was calculated according
The enrichment of Pre1 relative to Rpb3 in wt cells was set to 1. Means were calculated from three to four biologically independent experiments.
RESULTS
Impairment of transcription elongation causes degradation of Rpb1, the largest subunit of RNAPII
RNAPII complexes stalling persistently on a gene during transcription elongation impair transcription and thus have to be removed to free the gene to be transcribed by subsequent polymerases. It has been previously shown that polyubiquitylation of Rpb1, the largest subunit of RNAPII, is increased when transcription elongation is impaired, e.g. in mutants lacking the transcription factor Dst1 or after addition of the transcription elongation inhibitor 6-azauracil PolyUb-Rpb1
Relative Ub-Rpb1 levels Supplementary Table S3 . (D) Scheme for the purification of K63-linked proteins from an RNAPII enriched fraction. Proteins carrying K63-linked ubiquitin chains were purified from the TEV eluate of an RPB3-TAP strain and a non-tagged strain that served as a negative control (mock) from a wt or Δdst1 background using a RAP80-UIM agarose matrix in the presence of DUB and proteasome inhibitors. The phosphorylation status of the CTD was assessed by western blotting using antibodies specific for phosphorylated S2 (H5) or phosphorylated S5 (H14) as shown in (E).
(6AU), which impairs transcription elongation by decreasing cellular GTP/UTP levels (16) . Thus, it is likely that Rpb1 is degraded and consequently RNAPII removed from the gene, when transcription complexes stall persistently during transcription elongation. To study the mechanism of removal of persistently stalled RNAPII, we used a set of four diverse transcription elongation mutants: Δctk1, Δdst1, Δtho2 and Δbur2. Ctk1 is the kinase subunit of the CTDK-I complex that phosphorylates the C-terminal domain (CTD) of Rpb1, Dst1 is the cleavage factor TFIIS, Tho2 is a subunit of the THO complex, and Bur2 is the cy-clin of the Bur1-Bur2 kinase complex. First, we assessed the stability of Rpb1. Deletion of any one of these four transcription elongation factors reduced total cellular Rpb1 levels to ∼50-70% ( Figure 1A) . A similar reduction was caused by treatment of the cells with 6AU ( Figure 1A) . The decrease of total Rpb1 levels is not caused by reduced levels of RPB1 mRNA as these remained unchanged (Supplementary Figure S2A ). Furthermore, since deletion of CTK1, THO2 and BUR2 causes a growth defect, we assessed Rpb1 levels after depletion of the respective protein. The same reduction of total Rpb1 levels was observed at a time point Nucleic Acids Research, 2014, Vol. 42, No. 16 10507 when growth of the cells was not yet impaired indicating that the reduction of Rpb1 levels is a direct effect (Supplementary Figure S2B -D).
In order to assess whether these lower steady state levels of Rpb1 in the transcription elongation mutants and after treatment with 6AU are caused by enhanced degradation of Rpb1, we assessed the half-life of Rpb1 in wt and Δdst1 cells after CHX treatment. Indeed, the half-life of Rpb1 decreased from ∼61 min in wt cells to ∼27 min in Δdst1 cells ( Figure 1C ). Taken together, levels of Rpb1 are reduced by enhanced degradation when transcription elongation is impaired.
Rpb1 is polyubiquitylated upon DNA damage-independent stalling
Targeted cellular proteolysis is primarily mediated by the UPS (5, 6) . Interestingly, several connections between the proteasome and RNAPII transcription have been reported. The proteasome has been shown to function in transcription initiation, in the removal of RNAPII complexes stalled due to DNA damage and--in a non-proteolytic manner--in transcription elongation ((7-11,27-29) and references therein). Previously, the UPS has also been suggested to function in degradation of DNA damageindependently stalled RNAPII ((8-10,30,31) and references therein). Thus, the lower Rpb1 levels observed upon impairment of transcription elongation are most likely due to UPS-mediated degradation. To test this, we first assessed the levels of Rpb1 ubiquitylation in wt cells and the four transcription elongation mutants or after treatment with 6AU. In order to facilitate quantification of Rpb1 ubiquitylation levels, we purified approximately equal levels of RNAPII and thus Rpb1 from the respective strain backgrounds by using limiting amounts of beads. In addition, to inhibit deubiquitylating enzymes (DUBs) and the proteasome all purifications were performed in the presence of DUB and proteasome inhibitors. Increased Rpb1 ubiquitylation was observed previously in Δdst1 cells or after treatment with 6AU (16) . In addition, it has been shown recently that Rpb1 of RNAPII that is unable to resume transcription after backtracking due to a mutation in Dst1 also has increased Rpb1 polyubiquitylation levels (32) . Consistently, wt cells displayed a low level of polyubiquitylated Rpb1, which increased ∼2-fold when transcription elongation was impaired by deletion of one of the four transcription elongation factors (Figure 2A ) or treatment with the transcription elongation inhibitor 6AU ( Figure 2B ). In order to exclude that a protein associated with RNAPII, i.e. other than Rpb1, is responsible for the observed ubiquitylation signal, we purified RNAPII using Rpb3-TAP from wt and Δckt1 cells under high salt conditions (1 M NaCl). Under these conditions, TFIIF, the transcription factor with the highest affinity for RNAPII, was no longer associated with RNAPII (Supplementary Figure S3 ). However, ubiquitylation of Rpb1 was still increased in the transcription elongation mutant (Supplementary Figure S3 ) indicating that ubiquitylation of Rpb1 itself is increased when transcription elongation is impaired. Interestingly, the level of Rpb1 ubiquitylation differs in the four transcription elon-gation mutants. This might reflect the differing effects these mutants have on transcription elongation (33) .
In order to assess whether the polyubiquitylation of Rpb1 observed in wt cells is due to DNA damage-independent stalling we used rpb1-N488D, an allele of RPB1 that causes a slower polymerization rate in vitro, is not synthetic lethal with Δdst1 and thus might be less prone to stalling (34) . In this mutant background Rpb1 ubiquitylation should therefore be reduced compared to wt cells. Indeed, rpb1-N488D cells had lower Rpb1 polyubiquitylation levels compared to the wt enzyme ( Figure 2C) , indicating that Rpb1 polyubiquitylation is caused by DNA damage-independent stalling occurring in wt cells. Alternatively, the reduced polyubiquitylation of Rpb1 in the rpb1-N488D mutant might be due to a lower processivity of RNAPII (34) . RNAPII that dissociates from the template during elongation might thus escape ubiquitylation.
According to our model, Rpb1 of elongating RNAPII should be the substrate for polyubiquitylation and its CTD thus phosphorylated on S2. Indeed, in a reconstituted in vitro RNAPII ubiquitylation system, an arrested RNAPII elongation complex is the preferred substrate for ubiquitylation, and serine 5 phosphorylation of the CTD, a hallmark of transcription initiation, inhibits polyubiquitylation (16) . In order to assess the phosphorylation status of the polyubiquitylated Rpb1, proteins carrying K63linked ubiquitin chains were purified from an RNAPII enriched fraction (TEV-E of an Rpb3-TAP purification) (for scheme of the purification see Figure 2D ). K63-linked proteins were purified since polyubiquitin chains on Rpb1 are mainly K63-linked in DNA damage-independent stalling ( Figure 5 ). Expectedly, the TEV eluate of an Rpb3-TAP purification contained Rpb1 with S2-and S5-phosphorylated CTDs (Figure 2E ). In contrast, the CTD of polyubiquitylated Rpb1 was exclusively phosphorylated on S2 (Figure 2E ). In addition, ubiquitylation of Rpb1 phosphorylated on S2 increased in the Δdst1 mutant ( Figure  2E ). Thus, consistent with previous results DNA damageindependent stalling leads to increased Rpb1 polyubiquitylation of elongating RNAPII.
The proteasome associates with RNAPII at the transcribed gene when transcription elongation is impaired
Polyubiquitylated Rpb1 of persistently stalled transcription elongation complexes is most likely the substrate of the proteasome. Thus, we examined a potential association of the proteasome with RNAPII. The 20S proteolytic core of the proteasome copurified with RNAPII in the presence of proteasome inhibitors from wt cells ( Figure 3A and (31) ). Importantly, the association of the proteasome with RNAPII increased when transcription elongation was impaired (Figure 3A) .
The proteasome is present at the coding regions of genes (29, 35, 36) . In addition, it has been shown that ubiquitylated Rpb1 and the proteasome accumulate on chromatin after UV irradiation suggesting that the degradation of DNA damage-dependently stalled RNAPII takes place on chromatin (20) . If Rpb1 of RNAPII complexes stalled in a DNA damage-independent manner is also degraded by the proteasome at the transcribed gene, one would expect that Supplementary Table S3 .
the association of the proteasome with coding regions increases, when transcription elongation is impaired. In order to test this, we performed ChIP experiments with four subunits of the 20S core of the proteasome (Pre1, Pre2, Pre4 and Pup1) since previously the 19S regulatory particle has been implicated in transcription elongation independently of degradation (29) . In the transcription elongation mutants, RNAPII occupancy decreases ∼2-fold compared to wt ( Figure 3B ). This decrease most likely reflects the decrease in Rpb1 levels ( Figure 1A) . Importantly, recruitment of the 20S proteasome relative to RNAPII is increased, especially at the middle (M) and 3' region of the ADH1 gene and the middle (M) regions of ACT1 and PMA1 ( Figure 3C and D and Supplementary Figure S4A -C). Inhibition of transcription elongation by treatment with 6AU also increased recruitment of the 20S proteasome to the gene relative to RNAPII ( Figure 3E-G) . However, since recent data suggest that the canonical 26S proteasome complex is recruited during transcription (36) most likely recruitment of the whole 26S particle is increased when transcription elongation is impaired. These data are consistent with the finding that elongating RNAPII complexes are the preferred substrate for degradation ((16,22,37,38) and Figure 2E ). Taken together, Rpb1 of transcription complexes stalled in a DNA damage-independent manner is polyubiquitylated and degraded by the proteasome at the site of transcription.
Molecular mechanism of Rpb1 ubiquitylation
We next wanted to further elucidate the ubiquitylation machinery of this DNA damage-independent pathway. In general, polyubiquitylation is mediated by a ubiquitinactivating enzyme (E1), a ubiquitin-conjugating enzyme (E2) and a ubiquitin ligase (E3). As there is only one E1 enzyme (Uba1) in yeast, we aimed to assess the E2 and E3 enzymes. In the case of DNA damage within the coding region of an actively transcribed gene the DNA lesion is efficiently repaired by TCR. If this fails RNAPII is thought to be disassembled by specific degradation of Rpb1 triggered by complex formation with the TCR protein Rad26 and the ubiquitylation promoting protein Def1 (13, 14, 39, 40 Figure S1 , left panel). The E2s Ubc4 and Ubc5 function redundantly, whereas the E3s Rsp5 and Elc1 function sequentially, with Rsp5 mono-ubiquitylating Rpb1 and Elc1 adding a K48-linked polyubiquitin chain that leads to degradation. In addition, Rsp5 produces non-functional K63-linked polyubiquitin chains (18) . As Ubc4, Ubc5, Def1 and Rsp5 are also required for polyubiquitylation of Rpb1 in response to DNA damage-independent stalling (16, 22) , it was speculated that DNA damage-independently stalled RNAPII complexes are degraded by the same pathway (9, 16, 22) . We thus tested these proteins for a function in the DNA damage-independent pathway using one of the transcription elongation mutants, Δdst1, since this mutant does not have a growth defect. We again purified approximately equal levels of Rpb1 from the corresponding strain back-grounds by using limiting amounts of beads in order to facilitate quantification of the Rpb1 ubiquitylation levels--in the presence of DUB and proteasome inhibitors. Deletion of DEF1, UBC4 or UBC5 in the Δdst1 background reduces polyubiquitylation of Rpb1 showing that Def1 and the E2s Ubc4 and Ubc5 are needed for polyubiquitylation of Rpb1 (Figure 4A and B) . Ubc4 and Ubc5 have overlapping, partially redundant functions, which is reflected by the partial reduction of Rpb1 ubiquitylation observed by deletion of only one of these two E2s ( Figure 4B ). Deletion of RAD26 increases Rpb1 degradation in response to DNA damage (13) , probably due to a defect in TCR. However, loss of Rad26 function does not affect polyubiquitylation of Rpb1 in the Δdst1 background indicating that Rad26 is not necessary in the DNA damage-independent pathway (data not shown). As in the DNA damage-dependent pathway the E3 Rsp5 polyubiquitylates Rpb1 in response to DNA damage-independent stalling ( Figure 4C ). Importantly, however, the E3 Elc1 is not required for polyubiquitylation of Rpb1 in response to DNA damage-independent stalling in the Δdst1 strain ( Figure 4D , compare Δdst1−UV with Δdst1Δelc1−UV). This is the first evidence that the mechanism for polyubiquitylation of Rpb1 is different depending on the cause of RNAPII stalling. In order to corroborate in one experiment and with identical strains that the DNA damage-independent degradation of Rpb1 is indeed distinct from the well-studied DNA damagedependent pathway, we assessed Rpb1 polyubiquitylation after induction of DNA damage by UV in wt, Δelc1 and Δdst1Δelc1 strains. As published previously, Rpb1 ubiquitylation increased by UV treatment (Figure 4D , compare wt−UV and wt+UV), and this increase is dependent on Elc1 ( Figure 4D , compare wt+UV with Δelc1+UV and Δdst1Δelc1−UV with Δdst1Δelc1+UV). Rpb1 ubiquitylation increased 2-fold and the kind of ubiquitin signal was similar both in wt cells treated with UV and in Δdst1 cells ( Figure 4D , compare wt+UV and Δdst1). Consistent with the finding that Rpb1 polyubiquitylation of RNAPII stalled in a DNA damage-independent manner is independent of Elc1, Cul3, a ubiquitin-protein ligase that forms a complex with Elc1 and is required for Rpb1 ubiquitylation of Rpb1 after DNA damage (17) , is also not required for Rpb1 polyubiquitylation of DNA damage-independently stalled RNAPII complexes ( Figure 4E) . Thus, the pathways of polyubiquitylation and thus likely degradation of Rpb1 in response to DNA damage versus DNA damageindependent stalling diverge in their requirement of the E3 ligase Elc1. Taken together, polyubiquitylation of Rpb1 of DNA damage-independently stalled RNAPII complexes is mediated by an overlapping but different set of enzymes than polyubiquitylation of Rpb1 in the DNA damagedependent pathway (Supplementary Figure S1 ).
Polyubiquitin chains on Rpb1 of DNA damage-independently stalled RNAPII are K48-and K63-linked
To investigate the nature of the polyubiquitin chains attached to Rpb1 of DNA damage-independently stalled RNAPII, we purified RNAPII from wt cells and the four transcription elongation mutants as above in the presence of DUB and proteasome inhibitors and assessed the na-
Relative Ub-Rpb1 levels Δubc4, Δubc5, Δdef1, Δrsp5, Δelc1, Δcul3 and the respective double mutant strains was assessed after purification of approximately equal levels of RNAPII using Rpb3-TAP and limiting amounts of beads in the presence of DUB and proteasome inhibitors. Rpb1 levels were assessed by Coomassie staining and polyubiquitylation by western blotting using a ubiquitin specific antibody (upper panel). In (D) cells were also treated with UV (+UV). Note that Rpb1 ubiquitylation is unusually high in the Δrsp5 strain, which is probably due to the oleic acid and NP40 containing media needed for viability of the Δrsp5 strain. An explanation for the increased Rpb1 ubiquitylation in the Δcul3 and Δcul3Δdst1 strains could be that impairment of the E3 ligase Cul3 most likely leads to decreased ubiquitylation of Cul3-dependent substrates, which might lead to higher levels of free ubiquitin causing in turn unspecific ubiquitylation of Rpb1. However, there is no satisfactory explanation for the observed increase in Rpb1 ubiquitylation in the Δdef1 strain, which contradicts the current model. Columns and error bars represent the mean ± standard deviation from four independent experiments (bottom panels). P-values are listed in Supplementary Table S3 .
ture of the polyubiquitin chains using antibodies specific for K48-or K63-linked ubiquitin chains (Supplementary Figure S5) . Interestingly, the polyubiquitin chains attached to Rpb1 when transcription elongation is impairment are mainly K63-linked ( Figure 5 ). This is consistent with our finding that polyubiquitylation of Rpb1 is mediated by Rsp5 ( Figure 4C ) since Rsp5 produces K63-linked polyubiquitin chains (42) . This finding underlines the notion that the pathways for degradation of stalled RNAPII are different depending on the cause of stalling since polyubiquitin chains targeting Rpb1 for degradation in the DNA damage-dependent pathway are mainly K48-linked ((18) and references therein). Thus, K63-linked polyubiquitin chains could be a pre-requisite for Rpb1 degradation caused by DNA damageindependent stalling. In addition to K48-linked polyubiquitin chains, which serve as the main signal for degradation, K63-linked polyubiquitin chains can target a protein for degradation by the proteasome in vitro and in vivo (42) (43) (44) . Moreover, Rsp5-mediated K63-polyubiquitylated Rpb1 is readily degraded by the 26S proteasome in vitro whereas nonphysiological polyubiquitylated substrates are not (42) . However, the level of K48-linked polyubiquitin chains also increases. Thus, the K63-linked polyubiquitin chains could be remodeled by deubiquitylases (also see below) and a K48-linked chain added by a yet unknown E3 ligase for degradation of Rpb1, which would be consistent with the increase in K48-linked chains ( Figure 5 ). Thus, a backup Nucleic Acids Research, 2014, Vol. 42, No. 16 
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system for the function of Elc1/Cul3 in K48-linked polyubiquitylation of Rpb1 could exist that is more active during DNA damage-independent stalling of RNAPII than during DNA damage. Alternatively and not mutually exclusively, Rsp5 could be more active when Elc1 is missing. It will be interesting to assess in the future which role the K48-and K63-linked polyubiquitin chains play in the degradation of DNA damage-independently stalled RNAPII and by which enzymes these polyubiquitylations are catalyzed.
Deubiquitylation of Rpb1 as a rescue mechanism
Since the proteasome degrades polyubiquitylated proteins, deubiquitylation is an important rescue mechanism, especially for a subunit of an enzyme as essential as RNAPII. Furthermore, deubiquitylation of already ubiquitylated Rbp1 can rescue Rpb1 from unnecessary degradation when RNAPII resumes transcription after a prolonged pause (also see below). Two deubiquitylases have been described to function in the DNA damage-dependent pathway: Ubp2 deubiquitylates excess K63-linked polyubiquitin chains formed by Rsp5, whereas Ubp3 removes Rsp5mediated monoubiquitin and Elc1-mediated K48-linked polyubiquitin chains from Rpb1 ( (18, 21) , also see Supplementary Figure S1 ). In order to identify the deubiquitylases responsible for Rpb1 deubiquitylation in the DNA damageindependent pathway, we tested deubiquitylases, deletion of which causes sensitivity to 6AU (21) for an effect on Rpb1 ubiquitylation when transcription elongation is impaired: Ubp2, Ubp3, Ubp6, Ubp10 and Ubp12. To do this, we assessed the levels of Rpb1 polyubiquitylation in Δdst1 cells in combination with deletion of one of the abovementioned deubiquitylases after purification of approximately equal levels of Rpb1 by using limiting amounts of beads in the presence of DUB and proteasome inhibitors. Deletion of UBP10 or UBP12 does not affect Rpb1 polyubiquitylation levels (data not shown). Similarly, in contrast to the DNA damage-dependent pathway, Ubp3 is not required for deubiquitylation of Rpb1 (Figure 6, right panel) . Unexpectedly, polyubiquitylation of Rpb1 also does not increase in the Δubp3 background when DST1 is deleted. This might be caused by a disturbed ubiquitin homeostasis when Ubp3 function is lacking. However, consistent with a function of Rsp5 in ubiquitylating Rpb1 in DNA damageindependently stalled RNAPII complexes, Ubp2 is required for deubiquitylation of Rpb1 ( Figure 6, middle panel) .
In addition to Ubp2, loss of Ubp6 function leads to an increase in the levels of polyubiquitylated Rpb1 (Figure 6A , left panel). Ubp6 is one of two proteasome associated deubiquitylases in S. cerevisiae. Interestingly, Ubp6 has a catalytic as well as a non-catalytic activity: It deubiquitylates ubiquitylated proteins before their degradation thereby recycling ubiquitin and delays degradation of polyubiquitylated proteins by the proteasome in a mainly non-catalytic manner (45) . To determine whether the catalytic activity of Ubp6 is indeed needed for deubiquitylation of Rpb1 ( Figure 6A) we assessed Rpb1 ubiquitylation in the catalytically inactive ubp6-C118A mutant that still inhibits the proteasome (45) . Rpb1 ubiquitylation levels are increased in ubp6-C118A Δdst1 cells to a similar extent as in Δubp6 Δdst1 cells showing that the deubiquitylase activity of Ubp6 is necessary for Rpb1 deubiquitylation ( Figure 6B ). Thus, Ubp6 deubiquitylates Rpb1 of RNAPII complexes stalled during transcription elongation. Taken together, consistent with the lack of the E3 ligase Elc1 the Elc1-antagonizing deubiquitylase Ubp3 is not involved in the pathway for degradation of DNA damageindependently stalled RNAPII. Thus, not only the mechanism for ubiquitylation but also for deubiquitylation of Rpb1 caused by DNA damage-independent stalling differs from the DNA damage-dependent pathway.
DISCUSSION
In summary, we demonstrate here that the pathways for degradation of DNA damage-dependently andindependently stalled RNAPII complexes are overlapping yet distinct (Figure 7) . Thus, we provide the first evidence that the cell distinguishes between RNAPII complexes persistently stalled by different causes. In contrast to the DNA damage-dependent pathway, the E3 ligase Elc1 does not ubiquitylate Rpb1 of DNA damage-independently stalled RNAPII. Consistently, Ubp3, the deubiquitylase that removes ubiquitin added by Elc1 in the DNA damagedependent pathway, is not involved in the DNA damageindependent pathway. Instead, polyubiquitylation of Rpb1 occurs by the E3 Rsp5 and consistently the polyubiquitin chains are mainly K63-linked. Interestingly, elongating RNAPII complexes that collide due to convergent transcription are degraded in an Elc1-dependent manner (46) . As these RNAPII complexes also stall in a DNA damage-
B
Relative Ub-Rpb1 levels Supplementary Table S3 .
independent manner, the mechanisms for degradation of RNAPII complexes persistently stalled during transcription elongation or due to collision with another RNAPII complex seem to be different. Different cellular pathways to eliminate stalled RNAPII dependent on the cause of stalling might be necessary. Whenever a DNA damage within a transcribed gene cannot be repaired the stalled polymerase should be degraded quickly. In contrast, since stalling of RNAPII occurs frequently during transcription elongation (3) it is crucial that not every paused polymerase is immediately degraded. Thus, once RNAPII is recognized as stalled ubiquitin moieties could be added slowly by Rsp5. Slow polyubiquitylation of Rbp1 could ensure that only prolonged stalling leads to degradation. Slow ubiquitylation would also open a time window for transcription elongation factors to 'restart' RNAPII. In this case, i.e. when RNAPII resumes transcription after stalling, the polyubiquitin chain can be removed by Ubp2 or Ubp6 and Rpb1 spared from degradation.
Along the same lines, it is surprising that the proteasome interacts stably with its substrate RNAPII. As degradation of Rpb1 is potentially very deleterious, the proteasome might have to stay associated with RNAPII for some time before it can degrade Rpb1. This would open another time window for transcription elongation factors to rescue the stalled RNAPII complex. This model also fits well with our finding of Ubp6 being a deubiquitylase of Rpb1 to counteract degradation. Ubp6 is one of two proteasome-associated deubiquitylases ((45,47) and references therein). In addition to its catalytic activity, Ubp6 delays proteasomal degradation directly by binding to the proteasome (45) . One function of Ubp6 is to recycle ubiquitin from ubiquitylated substrates before their degradation (48) . In addition, the proteasome inhibitory function of Ubp6 is thought to delay the decision to degrade a substrate (45) . Since Ubp6 progres-sively deubiquitylates the substrate protein during its delay of proteasomal degradation, the length of inhibition is crucial. When the polyubiquitin chain is shortened beyond a critical length the substrate will be released from the proteasome and thus spared from degradation (45) . As Ubp2 has been suggested to maintain short ubiquitin chains on Rsp5 substrates in order to spare them from degradation (42) , both deubiquitylases, Ubp2 and Ubp6, uncovered here to deubiquitylate Rpb1 upon DNA damage-independent stalling, could act as a 'fail-safe mechanism' to spare Rpb1 from degradation; when RNAPII resumes transcription after arrest or when Rpb1 has been erroneously ubiquitylated.
How stalled RNAPII is recognized by the cell in either pathway remains an open question. However, independent of the cause of stalling--DNA damage-dependent or -independent--XPG/Rad2 and CSB/Rad26 bind to the stalled RNAPII forming a so-called 'supracomplex' (49) . Rad26 in turn forms a stable complex with the ubiquitylation promoting protein Def1 (13) . In vivo Rad26 is unlikely to be essential for recognition of DNA damageindependently stalled RNAPII as deletion of RAD26 does not affect polyubiquitylation of Rpb1 (data not shown). The first steps of Rpb1 polyubiquitylation are mediated by Def1, Ubc4 and Ubc5 and are thus identical in both pathways (Supplementary Figure S1 ). Thus, in contrast to Rad26, Def1 could be involved in recognition of stalled RNAPII because it promotes ubiquitylation of Rpb1 in both pathways ( Figure 4A and (19) ). Since Def1 has been proposed to recruit the cullin in the DNA damagedependent pathway (50) , it might also play a crucial role in distinguishing between the two degradation pathways. This is consistent with the finding that activation of Def1 is induced by DNA damage as well as impairment of transcription elongation by 6AU (50) . According to such a model, the two pathways could diverge by the action of DNA re- Rsp5 ? K 6 3 c h a i n s K 4 8 c h a i n s ? Figure 7 . Model for the degradation of DNA damage-independently stalled RNA polymerase II (RNAPII). Persistently stalled RNAPII complexes are polyubiquitylated with K63-specific polyubiquitin chains by Def1, the E2s Ubc4 and Ubc5 and the E3 Rsp5. When transcription factors restart RNAPII, Rpb1 is deubiquitylated by Ubp2 or Ubp6 (left pathway) and RNAPII resumes transcription. Alternatively, as a failsafe mechanism when RNAPII remains persistently stalled, polyubiquitylated Rpb1 is recognized by the proteasome and degraded (right pathway). For Rpb1 degradation a remodeling of the K63-linked polyubiquitin chains and conjugation of K48-linked polyubiquitin chains by a yet to be identified E3 ligase might be necessary. This pathway for degradation of RNAPII complexes stalled persistently during transcription elongation frees the way for following RNAPII complexes. The two pathways for Rpb1 degradation, DNA damage-dependent and -independent, are compared in Supplementary Figure S1 . pair factors and/or Rad26 that are only present in case of DNA damage-dependent stalling and could be required for Def1 to recruit Elc1/Cul3. Thus, Def1 might play a pivotal role in distinguishing between different pathways for degradation of persistently stalled RNAPII.
Since RNAPII stalls frequently and for prolonged times during transcription elongation (3), degradation of DNA damage-independently stalled RNAPII most likely has an essential function in wt cells. Consistently, the proteasome stably associates with RNAPII and is recruited to transcribed genes in wt cells (Figure 3 and (31,35,51) ). In addition, we observe a basic level of polyubiquitylated Rpb1 in wt cells that is reduced in cells carrying rpb1-N488D, an allele causing a slower polymerization rate of RNAPII that might be less prone to stalling ( Figure 2C ). Moreover, Rpb1 is degraded and polyubiquitylated upon treatment with 6AU, a drug that causes increased transcriptional stalling due to depletion of nucleotide pools, a situation that might mimic natural conditions such as starvation. Thus, this pathway could be essential for survival under suboptimal growth conditions. Finally, the pathway for degradation of DNA damage-independently stalled RNAPII is most likely evolutionarily conserved as RNAPII is ubiquitylated and degraded after transcriptional arrest by ␣amanitin in higher eukaryotes and the polyubiquitin chains formed are also K63-linked (30, 38, 52) .
Taken together, we provide the first evidence that RNAPII stalled by different causes--DNA damagedependent versus -independent--is polyubiquitylated and degraded by overlapping but distinct pathways.
